was estimated at 20%, based on the results of a serological survey (Good et al., 2009) , 50 considerably lower than estimates across Europe of greater than 50% (Nielsen and Toft, 2009) . 51
In common with trends across the EU, the number of dairy herds in Ireland has been gradually 52 decreasing whilst herd sizes have increased. It is therefore possible that HTP has altered in the 53 intervening years. 54
Measuring the impact of control programmes requires an initial baseline estimation of the 55 occurrence of infection. In the context of chronic diseases of slow or insidious onset such as 56 paratuberculosis, incidence may be difficult to calculate and prevalence is often used instead 57 (Messam et al., 2008) . A review of the prevalence of paratuberculosis across countries in Europe 58
identified critical issues in a number of studies (Nielsen and Toft, 2009 ), primarily these issues 59 related to the incorrect values for test sensitivity (Se) and specificity (Sp) in the analysis. 60
Estimates of Se and Sp of diagnostic tests for paratuberculosis vary considerably (Nielsen and 61
Toft, 2008). Much of this variation can be attributed to differences among reference populations 62 and sampling strategies that have been used for the test validation procedure (Greiner and 63 Gardner, 2000) . However estimates of Se and Sp may also vary according to prevalence 64 (Brenner and Gefeller, 1997) and therefore between herds (Greiner and Gardner, 2000) . 65
Consequently, the relationship between true prevalence (TP) and apparent prevalence (AP) can 66 be expected to vary between populations. It may therefore be unreasonable to assume a fixed, 67 constant, Se and Sp over different populations (Berkvens et al., 2006) . In Bayesian analyses, all 68 parameters are considered random variables and can be modelled using probability 69 distributions. Uncertainty and variability associated with estimates of test Se and Sp may 70 therefore be incorporated in the analysis. In addition, in this instance, a Bayesian posterior 71 probability will provide inference on a prevalence estimate, conditional on both currently 72 observed data and previous information about the disease. This methodology has not yet been 73 applied to the estimation of the prevalence of paratuberculosis in Irish dairy herds, but has been 74 used extensively to estimate the prevalence in other countries (Pozzato et animal was used for the purpose of this analysis and Se and Sp values were based on a single 103 test strategy. The "herd" in this study was therefore defined as the number of unique and 104 eligible animals on the farm within the 14 month sampling frame. 105
Statistical Analysis 106

Analytical model 107
Prevalence was estimated with a Bayesian model extended from that proposed by Branscum 108 (2004), which was based on methodology introduced by Hanson (2003) . The number of animals 109 testing positive in each herd was considered to be binomially distributed. A binomial rather 110 than a hypergeometric distribution was used because all adult animals in each herd were 111 sampled. The model was constructed as; 112 nposi ~ Binomial (πi, nherdi)
(1) 113
Sejk ~ Beta (aSe, bSe) (6) 118
where nposi equals the number of animals testing positive in the i-th herd (herdi), given a 121 probability of each animal testing positive (πi) and number of animals in the herd (nherdi). The 122 probability of a randomly chosen animal from a herd testing positive was a function of the 123 animal-level true prevalence (ATP) within herdi, and the diagnostic test characteristics; Se and 124 Sp, which varied according to kit (j) and test medium (k). The ATP for a given herd was 125 modelled as a mixture distribution: the product of HTP and conditional-herd prevalence 126 (CWHP). The HTP was modelled as a Bernoulli distribution. The Bernoulli distribution is used to 127 model random variables with two possible outcomes, in this case a herd was considered to be 128 "infected" with probability μ to indicate the probability of a randomly chosen herd containing 129 one or more truly infected animals and "uninfected" with a probability 1-μ. Then, conditional on 130 the herd being infected, the conditional within-herd prevalence (CWHP) was modelled as beta 131 distribution. Beta distributions are a relatively flexible family of distributions on the real 132 number line from 0-1 and are a common method of modelling prevalence. 133
The effect of ELISA kit and test medium used was assessed using random and fixed effects, 134 however the change in the animal-level apparent prevalence due to the effect of these variables 135 was found to be low (<0.005) and they were removed again from the model. 136
Model Priors -Test Characteristics 137
Nielsen and Toft (2008) proposed the case definitions "infected", "infectious" and "affected" in 138 an attempt to reduce variability between reported estimates of test Se. The subgroup "infected" 139 also includes animals that are "infectious" and "affected", and is the population of interest in this 140 prevalence study. Test characteristics for each test kit used in Ireland evaluating the "infected" sub group, were7 extracted from each peer-reviewed article from this search and from the 2008 review 146 publication (Table 1) . 147
The first study was limited to a population of cull cows (McKenna et al., 2005 ) and the second 148 study (Norton et al., 2010) was carried out on herds with a history of clinical disease and with 149 relatively high ATP. A third study (Nielsen et al., 2013) , was removed because the target 150 condition "infected", was in this case, defined based on the longitudinal interpretation of the 151 evaluated serological test. A final study (Aly et al., 2014) and associated beta distribution parameters are shown in Table 2 . 166
Model priors -HTP and CWHP 167
Prior distributions for HTP and CWHP in Irish dairy herds were required. In order to construct 168 these priors, data (secondary dataset) from a previously published prevalence survey (Good et 169 al., 2009) were used as follows. Data were removed from animals less than 24 months of age, 170 from animals without a recorded date of birth and from non-dairy enterprises. This dataset8 included a much higher proportion of small herds relative to the primary dataset, therefore, 172 farms containing less than 20 animals were removed to prevent possible overestimation of 173 CWHP priors due to small herd sizes. 174
The CWHP was estimated for each positive herd using the Rogan-Gladen estimator (Rogan and 175 Gladen, 1978), i.e., CWHP = (AP+Sp-1)/(Se+Sp-1), where, AP = Apparent Prevalence. All serum 176
samples in this survey were tested using the Pourquier ELISA, this kit is now sold as Kit B, and 177 therefore, the test characteristics given for Kit B (Table 2 ) were used to calculate the prior 178 distribution of within-herd prevalences. The distribution of CWHPs in this dataset were plotted 179 and the mean and mode used to fit a beta distribution using the betabuster programme. 180
A number of priors were trialled for HTP including the herd-level apparent prevalence based on 181 a varying number cut point reactors. However, after it was observed that the primary model 182 was extremely insensitive to the prior for HTP, it was decided to use a flat distribution from 0 -183 1 as the prior for this variable. 184
Sensitivity Analysis 185
Sensitivity analysis of the final estimate to the priors used in the model was assessed by varying 186 the point estimate and confidence intervals of the each prior by 10%, 25% and 50% in either 187 direction and repeating the analysis. In addition, the prior for HTP was modelled as a uniform 
Primary dataset (2013-14) 208
Descriptive statistics are shown in Table 3 . After removing error records, data were available 209 for 99,101 animals in 1,039 dairy herds. Average herd size was 95.4 animals, the majority of the 210 herds were located in Leinster (n=249) and Munster (n=719) provinces and these herds also 211 had the greatest average herd sizes (108.5 and 102.1 respectively). Four hundred and forty 212 eight herds (43.1%) had an apparent prevalence of 0, i.e. no animals testing positive. The 213 distribution of apparent prevalence for herds with 1 or more animals testing positive is shown 214 in Figure 1 . 215
Model outcomes 216
The median posterior estimate for HTP (95% posterior probability interval) was 0.28 (0.23, 217 0.32). Across all herds, the median ATP was found to be 0.032 (0.009, 0.145), whilst within 218 infected herds, the median CWHP was 0.137 (0.033, 0.348). Figure 2 shows the probability 219 distribution for HTP, along with the distribution of the probability of infection for all of the 220 herds. 221
Sensitivity analysis 222
Overall, the model was reasonably robust to each of the priors used in the analysis. Varying the 223 mode and upper 95 th percentile of each prior by up to 50% in either direction resulted in 224 posterior median estimates for the HTP of between 0.265 -0.323, which were within the 95% 225 posterior probability interval of the original estimate. The posterior distribution for HTP was 226 most sensitive to the prior for CWHP and to the Se estimate for the ELISA. In both cases, the 227 direction of the change of the posterior was counter to the direction of the change for the prior. 228
The model appeared to be relatively insensitive to variation around the prior for HTP and 229 varying this prior by up to 50% in either direction resulted in deviations of less than 0.1% in 230 HTP. Increasing test specificity led to a decrease in the posterior HTP whereas the converse was 231 noted when the specificity was reduced. However, even when the specificity estimate was 232 increased by 50%, the posterior estimate remained very similar, increasing from 0.280 to 0.288. 233
Discussion 234
This study represents the first use of Bayesian methodology to estimate the true prevalence of 235 paratuberculosis in Irish dairy herds. The posterior estimate of HTP of paratuberculosis among 236 dairy herds enrolled in the national control programme was 0.23 -0.34 with a 95% probability. 237
Care must be taken when comparing prevalence studies which may have been conducted on 238 different populations using different tests evaluating different target conditions. Previous to this 239 study, only one HTP estimate had been published for paratuberculosis in Ireland (Good et al., 240 2009). The posterior HTP estimate from the present study was higher than that reported in the 241 2009 study (0.206) (Good et al., 2009 ). However, the earlier study utilised frequentist methods 242 to estimate the true prevalence of herds with at least one infectious (shedding) animal and was 243 based on a serological test Se of 0.278-0.289. The Bayesian methodology used in the current 244 study however, incorporated uncertainty and variability associated with the test Se by 245 modelling this variable as a probability distribution, the target condition in the present study 246 was "infected" rather than "infectious" and the mode of the distribution used to model test Se 247 was 0.15 and 0.22 depending on the test used. Finally, the previous study was based on data 248 Herd owners may have enrolled in the belief that their herd is free from the disease, with the 268 aim of demonstrating freedom of their herd through the control programme. In this case it 269 might be expected that HTP among herds enrolled in the scheme may be lower than that in the 270 general population. However at the time of this study, a herd classification system was not yet 271 introduced for the scheme, meaning that the benefit for the herd owner when the herd tested 272 negative was not attainable by the farmer in the short term. Conversely herd owners may have 273 joined the scheme in the belief or knowledge that their herd was infected in order to take12 advantage of tools developed for control of the disease in infected herds. We might expect this 275 to increase the HTP in the study in relation to the national herd level prevalence. 276
The results of the sensitivity analysis (Table 4 ) suggest that the model was reasonably robust to 277 the selection of priors. Varying the priors by up to 50% had only a modest effect on the primary 278 outcome of interest. Overall, the model was most sensitive to the prior for CWHP and diagnostic 279 test Se. 280
Whilst conducting this research, a previously reported method for modelling CWHP was 281 considered (Branscum et al., 2004) . This method utilised a combination of a beta distribution 282 and gamma distribution in order to model CWHP with the form; Beta(μψ, ψ(1-μ)) where μ is a 283 beta distribution and ψ is a gamma distribution. However, in attempting to use this method in 284 the present study, we noted that the low CWHP and high degree of between-herd variability 285 frequently pushed the parameters of this prior less than 1. The resulting beta distribution 286 became increasingly clustered at 0 when increased variability was introduced. We therefore 287 concluded that this method would not be appropriate for the present study. A single beta 288 distribution was used to model CWHP which combined uncertainty and variability associated 289 with this variable. 290
Conclusion 291
Paratuberculosis test records from 99,101 animals in 1,039 herds between November 2013 and 292
December 2014 were used to produce a Bayesian estimate of HTP in Irish dairy herds. The 293 median posterior estimate for HTP (i.e. the probability of a randomly selected herd containing 294 at least one truly positive animal), among dairy herds enrolled in the national Johne's Disease 295 Control Programme, was 0.28 (95% posterior probability interval; 0.23, 0.34). 296
Acknowledgements 297
This study was carried out as part of the ICONMAP multidisciplinary research programme 298 funded by the Irish Department of Agriculture, Food and the Marine. The authors wish to 299
